The immediate early gene neuronal activity-regulated pentraxin (NARP) is an a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) binding protein that is specifically enriched at excitatory synapses onto fast-spiking parvalbumin-positive interneurons (FS [PV] INs). Here, we show that transgenic deletion of NARP decreases the number of excitatory synaptic inputs onto FS (PV) INs and reduces net excitatory synaptic drive onto FS (PV) INs. Accordingly, the visual cortex of NARP À/À mice is hyperexcitable and unable to express ocular dominance plasticity, although many aspects of visual function are unimpaired. Importantly, the number and strength of inhibitory synaptic contacts from FS (PV) INs onto principle neurons in the visual cortex is normal in NARP À/À mice, and enhancement of this output recovers the expression of experiencedependent synaptic plasticity. Thus the recruitment of inhibition from FS (PV) INs plays a central role in enabling the critical period for ocular dominance plasticity.
INTRODUCTION
Understanding the processes that initiate and terminate critical periods for receptive field plasticity is a subject of intense investigation. The initiation of the critical period for ocular dominance plasticity is widely believed to be triggered by the maturation of inhibitory synapses targeting the somata of principal neurons in the visual cortex (Hensch et al., 1998; Huang et al., 1999; Di Cristo et al., 2007) . Increased perisomatic inhibition would reduce excitability in principal neurons, enabling mechanisms of activity-dependent synaptic plasticity to discriminate between inputs from the two eyes (Jiang et al., 2007; Toyoizumi and Miller, 2009; Kuhlman et al., 2010) . The activation of inhibitory gammaaminobutyric acid (GABA) receptors would also limit activity at N-methyl-D-aspartate (NMDA) receptors and restrict subsequent induction of synaptic plasticity at excitatory synapses onto principal neurons (Kirkwood and Bear, 1994; Rozas et al., 2001; Artola and Singer, 1987; Jang et al., 2009) .
The evidence supporting the idea that maturation of inhibition determines the timing of the critical period is based on experimental manipulations of inhibitory output. For example, promotion of the early maturation of inhibitory synapses onto principle neurons induces a precocious initiation of the critical period (Huang et al., 1999; Di Cristo et al., 2007; Sugiyama et al., 2008) . Similarly, premature expression of ocular dominance plasticity is enabled by enhancement of inhibitory output with diazepam, a positive allosteric modulator of ligand-bound GABA A receptors (Sieghart, 1995; Fagiolini and Hensch, 2000) . Conversely, direct or indirect reduction of the strength of inhibitory output restores ocular dominance plasticity in postcritical period adults (He et al., 2006; Sale et al., 2007; Harauzov et al., 2010) . However, recent evidence suggests a disconnection between the maturation of inhibitory output and the termination of the critical period for ocular dominance plasticity . The maturation of perisomatic inhibition, characterized by a plateau in inhibitory synaptic density, inhibitory postsynaptic current (IPSC) amplitudes and the loss of endocannabinoid-dependent long-term depression of inhibitory synapse (iLTD), reaches adult levels approximately postnatal day 35 (P35) in the rodent visual cortex Huang et al., 1999; Di Cristo et al., 2007; Jiang et al., 2010) . Nonetheless, robust juvenile-like ocular dominance plasticity persists beyond P35 (Sawtell et al., 2003; Fischer et al., 2007; Heimel et al., 2007; Lehmann and Lö wel, 2008; Sato and Stryker, 2008) . Importantly, enhancing inhibitory output with diazepam blocks ocular dominance plasticity in late postnatal development . This suggests that inhibitory synapses are functional at this age but are not efficiently recruited by visual experience.
The possibility that the recruitment of inhibitory circuitry might control the timing of the critical period for ocular dominance plasticity prompted us to examine the regulation of excitatory inputs onto interneurons in the visual cortex. We focused specifically on the recruitment of inhibition mediated by fast-spiking parvalbumin-positive interneurons (FS [PV] INs), which mediate the majority of perisomatic inhibition and therefore exert powerful control of neuronal spiking output. We studied mice lacking the gene for neuronal activity-regulated pentraxin (NARP, a.k.a. NP2), an immediate early gene that is rapidly expressed in the visual cortex in response to light exposure following dark adaptation (Tsui et al., 1996) . NARP is a calcium-dependent lectin that is secreted by pyramidal neurons and accumulates at excitatory synapses onto FS (PV) INs where it forms an a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-binding complex with NP1 and NPR (O'Brien et al., 1999; Xu et al., 2003; Chang et al., 2010) . NARP accumulation onto FS (PV) INs is inhibited by degradation of the proteoglycans of the perineuronal net (Chang et al., 2010) , a manipulation previously shown to enhance ocular dominance plasticity in adults (Pizzorusso et al., 2002 (Pizzorusso et al., , 2006 . Importantly, NARP À/À mice are unable to scale excitatory postsynaptic currents (EPSCs) onto FS (PV) INs in response to changes in synaptic activity (Chang et al., 2010) , demonstrating the importance of NARP in activity-dependent plasticity at these synapses. NARP À/À mice, therefore, provide a unique opportunity to examine how excitatory drive onto FS (PV) INs contributes to the timing of the critical period for ocular dominance plasticity. We found that NARP À/À mice have a reduction in the number of excitatory synaptic inputs onto FS (PV) INs, whereas inhibitory synapses onto pyramidal neurons are unchanged. The reduction in excitatory drive onto FS (PV) INs renders the visual cortex of NARP À/À mice hyperexcitable and unable to express ocular dominance plasticity. Nonetheless, other forms of synaptic plasticity, which are prominent in the precritical stage of development, are normal in NARP À/À mice. Importantly, ocular dominance plasticity can be triggered at any age in NARP À/À mice by enhancing inhibitory output with diazepam. Thus the ability to recruit inhibition, rather than the strength of inhibitory synapses, plays a central role in the initiation of the critical period for ocular dominance plasticity.
RESULTS

Reduced Excitatory Drive onto FS (PV) INs in NARP -/-Mice
To ask how the absence of NARP impacted excitatory synaptic drive onto inhibitory interneurons, we crossed NARP À/À mice with G42 mice, which express GFP in FS (PV) INs (Jiang et al., 2010) . Unitary excitatory postsynaptic currents (uEPSCs) were recorded in pairs of pyramidal (Pyr) and FS (PV) interneurons from layer II/III in slices of visual cortex prepared from 3-weekold (postnatal days 21-25) NARP À/À and age-matched wildtype (WT) mice (Figures 1A and 1B) . In the absence of NARP, the probability of connectivity between any Pyr/FS (PV) IN pair was significantly reduced (connection probability average ± SEM: NARP À/À 0.47 ± 0.06, n = 9 mice, 72 pairs;
WT 0.73 ± 0.06, n = 12, 52; p = 0.0007, Fisher's exact test; Figure 1D) . However, in connected pairs, the uEPSC amplitude was normal (NARP À/À 82.2 ± 16.3 pA, n = 9, 33; WT 72.0 ± 13.0, pA, n = 10, 35; p = 0.62, t test; Figures 1B and 1E) . Importantly, the absence of NARP did not affect connectivity from FS (PV) INs onto pyramidal cells ( Figures 1G-1L ). No differences were detected between wild-type and NARP À/À mice in either the , red; WT, black). Effects of NARP deletion on the probability of finding (J) a connected pair, (K) the uIPSC amplitude, and (L) the paired-pulse response ratio. The number of mice and cell pairs is presented in each bar. *p < 0.01, t test probably of connectivity (p = 0.20; Figure 1J ), the amplitude of the unitary IPSC evoked by direct depolarization of the FS (PV) IN (p = 0.69; Figure 1K ), or the paired-pulse response ratio (p = 0.83; Figure 1L ). Thus, the absence of NARP specifically reduced the connectivity from pyramidal neurons onto FS (PV) INs, whereas the connectivity from FS (PV) IN onto pyramidal neurons was unimpaired.
As a first estimation of neurotransmitter release probability, we examined the paired-pulse response ratio (PPR) of the uEPSCs in Pyr/FS (PV) IN pairs. We found that the PPR was decreased in NARP À/À mice (NARP À/À 0.80 ± 0.04, n = 4, 17;
WT 0.99 ± 0.05, n = 10, 35; p = 0.007, t test; Figures 1C and  1F ), suggesting that the excitatory synapses that persist may have enhanced presynaptic function. This prompted us to ask if the absence of NARP affects quantal parameters such as quantal size (Q), the number of presynaptic release sites (N), and the presynaptic release probability (P) at the remaining Pyr/FS (PV) IN synapses. To obtain these parameters, we performed a mean-variance analysis of the uEPSC evoked by 50 Hz trains of five or ten action potentials in the pyramidal neuron, as described ( Figure 2A ) (Scheuss and Neher, 2001; Huang et al., 2010) . This analysis allows quantal parameters (N, P, and Q) to be estimated from the parabola fit to the relationship between mean and variance of the uEPSCs within the train ( Figure 2B ; see Experimental Procedures). We first tested the validity of this approach by increasing extracellular [Ca 2+ ] from 2 mM to 4 mM. As expected, this resulted in an increase in the magnitude of the uEPSC (paired t test: p = 0.008, n = 6 pairs) that was associated with an increase in release probability (p < 0.001), but no change in quantal size (p = 0.307) or the number of release sites (p = 0.426). Alternatively, the addition of a low dose of the glutamate receptor antagonist kynurenic acid (200 mM) resulted in a decrease the magnitude of the uEPSC (paired t test: p = 0.039; n = 6 pairs) that was associated with a decrease in quantal size (p = 0.008), but no change in release probability (p = 0.807) or the number of release sites (p = 0.722; Figure S1 Figure 2D ), but no change in quantal size (Q: NARP À/À 18.2 ± 2.4, n = 7.15; WT 14.2 ± 2.3, n = 5, 20; p = 0.231, t test; Figure 2E ). Together, this demonstrates a net reduction in the excitatory drive onto FS (PV) INs in the visual cortex of NARP À/À mice.
To ask how the reduction in excitatory input from proximal pyramidal neurons onto FS (PV) INs impacts total functional excitatory input or inhibitory output, we examined the maximal, extracellularly evoked IPSC in pyramidal neurons (eIPSC; Figures 3A-3C ) and the maximal extracellularly-evoked EPSC in FS (PV) IN (eEPSC; Figures 3D-3F ). This allows an estimation of the combined strength of all available inputs, which we have previously used to characterize developmental changes in the strength of inhibition onto pyramidal neurons (Huang et al., 1999; Morales et al., 2002; Jiang et al., 2007; Huang et al., 2010) . In these experiments, the stimulating electrode was placed in layer IV, which effectively recruits horizontal inputs onto layer II/III neurons . These experiments were performed at postnatal day 35 (±2 days), when the maturation of inhibitory output is complete in wild-types. In pyramidal neurons we observed a similar input/output relationship for the eIPSC in NARP À/À and wild-type mice (one-way ANOVA, F 1,335 = 0.16, p = 0.689; Figure 3B ) and similar amplitude of the maximal eIPSC (NARP À/À 5.4 ± 0.4 pA, n = 3,15; WT 5.2 ± 0.4, n = 3, 15; p = 0.5, t test; Figure 3C ). In contrast, the input/output relationship for the eEPSC was significantly different in NARP À/À and wild-type mice (one-way ANOVA, F 1,299 = 10.93, p = 0.0011; Figure 3E ), and the amplitude of the maximal eEPSC was significantly reduced (NARP À/À 3.35 ± 0.12 pA, n = 3, 24; WT 2.76 ± 0.17, n = 3, 24; p = 0.010, t test; Figure 3F ). Thus, the absence of NARP decreased the strength of total excitatory drive onto Hyperexcitable Visual Cortex in NARP -/-Mice We predicted that the decrease in excitatory drive from pyramidal neurons to FS (PV) INs in NARP À/À mice would reduce the ability to recruit fast perisomatic inhibition and increase overall cortical excitability. To test this hypothesis, we examined single unit spiking output in the binocular region of the primary visual cortex of P28 mice in vivo. In NARP À/À mice, visually-evoked activity of neurons in layer II/III (response to 1 Hz reversals of 0.04 cycles/degree; 100% contrast gratings; presented at preferred orientation) had a larger average spike rate (medianevoked activity ± SEM [spikes/s]: WT 2.45 ± 0.32, n = 6,16; NARP À/À 4.32 ± 0.34, n = 6, 21; Figure 4D ), an earlier timeto-peak (average time-to-peak ± SEM [ms]: WT 132 ± 6, n = 6, 16; NARP À/À 117 ± 7, n = 6, 21; Figure 4E ) and a longer duration (average ms ± SEM: WT 76 ± 5, n = 6,16; NARP À/À 101 ± 6, n = 6, 21; Figure 4F ) than wild-types. To ask if enhancing inhibitory output could reverse this cortical hyperexcitability, we administered diazepam, a positive allosteric modulator of ligand-bound GABA A receptors (Sieghart, 1995) . In both WT and NARP À/À mice, acute diazepam (15 mg/kg, intraperitoneally [i.p.]) significantly reduced the average spike rate (evoked: WT + DZ 1.16 ± 0.13, n = 6, 25; NARP/ + DZ 2.98 ± 0.40, n = 6, 17; Figure 4D ), the time-to-peak (WT + DZ 153 ± 4, n = 6, 25; NARP/ + DZ, 139 ± 4, n = 6, 17; Figure 4E ), and the response duration of visually-evoked activity (WT + DZ 54 ± 3, n = 6,25; NARP/ + DZ 78 ± 5, n = 6,17; Figure 4F ). In all cases, we observed parallel changes in spontaneous Normal Vision in NARP -/-Mice We used visually evoked potentials (VEPs) to ask if the absence of NARP, and the resulting increase in cortical excitability, impacted visual acuity or visual cortical plasticity. Visual acuity was estimated by extrapolating the linear regression of the VEP amplitude versus the spatial frequency of the visual stimulus (range from 0.04-0.6 cycles/degree) to 0 mV . In these experiments, we used VEPs recorded from the surface of the binocular visual cortex, to focus on synaptic potentials generated in superficial laminae (Katzner et al., 2009) . We found that juvenile (P30) NARP À/À mice had an estimated spatial acuity of 0.48 ± 0.04 cycles/degree (average ± SEM, n = 5), which was indistinguishable from age-matched wild-type controls (0.49 ± 0.02 cycles/degree, n = 5; p = 0.86, t test; Figure 5A ). Manipulation of the visual stimulus from 20% to 100% contrast revealed similar contrast sensitivity in NARP À/À and wild-type vision (two-way repeated-measures ANOVA, F 1,6 = 0.003, p = 0.955; Figure 5B ). To ask if the absence of NARP disrupts the organization of the visual cortex, we quantified ocular preference and retinotopy over the mediolateral extension of V1. To examine ocular preference, we calculated the ratio of VEP amplitudes in response to separate stimulation of the contralateral and ipsilateral eye (Figure S3) . In both wild-type and NARP À/À mice, recordings medial to the binocular region of the primary visual cortex revealed responses to contralateral eye stimulation only, as expected of monocular visual cortex. Recordings from a narrow area, ranging from $3.0-3.5 mm lateral to the intersection of lambda and bregma, revealed responses to visual stimulation of both eyes, as expected of binocular visual cortex. Recordings lateral to the binocular region of the primary visual cortex revealed a loss of contralateral preference, as expected for the lateral medial region of secondary visual cortex (Rossi et al., 2001) . Retinotopy was also similar in wild-type and NARP À/À mice. The area of visual space resulting in the largest VEP amplitude moved along the visual field azimuth, from contralateral visual field to the meridian as the recording site was moved laterally across the binocular region of the primary visual cortex and reversed back toward the contralateral visual field as the recording site moved laterally from the binocular region of the primary visual cortex into lateral medial (LM) ( Figure S3D ). The orientation selectivity and orientation tuning of NARP À/À mice was also similar to wild-types ( Figure S4 ). Thus many aspects of visual system organization and function are normal in NARP À/À mice.
The binocular primary visual cortex of rodent has a contralateral bias that depends on early binocular visual experience (McCurry et al., 2010) . To ask if NARP À/À mice retained normal experience-dependent regulation of VEP contralateral bias, we examined VEP contralateral bias at the site in binocular visual cortex that yielded the largest ipsilateral eye VEP (typically 3.3 mm lateral to the intersection of lambda and bregma). Dark-rearing from birth to postnatal day 30 (P30) prevented the expression of the VEP contralateral bias in both genotypes. Similarly, bringing dark-reared subjects (at P30) into a normal lighted environment (3 days) increased the contralateral bias to the normal range (VEP amplitude contralateral eye/ipsilateral eye, average ± SEM: wild-type DR 1.26 ± 0.03, n = 4; DR + L 2.05 ± 0.03, n = 4; one-way ANOVA, F 2,10 = 273.61, p < 0.001, Figure 5C ; NARP À/À DR 1.29 ± 0.02, n = 6; DR + L 2.12 ± 0.04, n = 6; one-way ANOVA, F 2,14 = 72.947, p < 0.001, Figure 5D ). In both NARP À/À and wild-type mice, the experience-dependent regulation of VEP contralateral bias was mediated by changes in the amplitude of the contralateral eye VEP ( Figure S5 ). Thus, the expression of a form of synaptic plasticity that is dependent on early visual experience is intact in NARP À/À mice.
Absence of Ocular Dominance Plasticity in NARP -/-Mice
To ask how the absence of NARP affects ocular dominance plasticity, we examined the response to brief (3 days) and prolonged (7 days) monocular deprivation (MD) on the VEP contralateral bias initiated at P25, the peak of the critical period (Fagiolini et al., 1994; Gordon and Stryker, 1996; Fagiolini and Hensch, 2000) . As expected, both brief and prolonged monocular deprivation of the dominant contralateral eye significantly decreased the VEP contralateral bias in juvenile wild-type mice (VEP amplitude contralateral eye/ipsilateral eye average ± SEM: no MD 2.19 ± 0.03, n = 5; 3 days MD 1.32 ± 0.05, n = 4; 7 days MD 1.18 ± 0.04, n = 5; Figure 6 ). In contrast, no shift in ocular dominance was observed in juvenile NARP À/À mice following either brief or prolonged monocular deprivation (no MD 2.16 ± 0.10, n = 5; 3 days MD 1.91 ± 0.07, n = 6; 7 days MD 1.92 ± 0.07, n = 6). Importantly, enhancing inhibitory output with diazepam (15 mg/kg, 13/day) enabled ocular dominance plasticity in juvenile NARP À/À mice (5 days MD + DZ 1.09 ± 0.08, n = 5). No shift in ocular dominance was observed following diazepam alone (VEP amplitude contralateral eye/ipsilateral eye, average ± SEM: NARP À/À + DZ no MD, 2.08 ± 0.11, n = 3, t test versus NARP À/À no MD, p = 0.61). Ocular dominance plasticity persists into adulthood in wild-type mice (Sawtell et al., 2003; Sato and Stryker, 2008) and may utilize mechanisms distinct from those recruited by monocular deprivation earlier in development (Pham et al., 2004; Fischer et al., 2007; Ranson et al., 2012) . To ask if adult NARP À/À mice could express ocular dominance plasticity, we examined the response to monocular deprivation for 7 days beginning at P90 (Figure 7 ). However, this manipulation did not induce a shift in ocular dominance in NARP À/À mice (VEP amplitude contralateral eye/ipsilateral eye average ± SEM: adult NARP À/À no MD 2.15 ± 0.13, n = 5; 7 days MD 1.93 ± 0.09, n = 7). To confirm the absence of ocular dominance plasticity in NARP À/À mice, we examined the VEP contralateral bias after chronic monocular deprivation (80 days beginning at P21). Surprisingly, the normal ocular dominance of NARP À/À mice persisted following chronic monocular deprivation (VEP amplitude contralateral eye/ipsilateral eye average ± SEM: chronic monocular deprivation [cMD] 2.00 ± 0.11, n = 5). Increasing inhibitory output with diazepam for the last 5 days of chronic monocular deprivation enabled an ocular dominance shift in adult NARP À/À mice (15 mg/kg, i.p.;
cMD + DZ 1.17 ± 0.10, n = 6; Figure 7 ). As expected, adult wild-type mice expressed a significant shift in contralateral bias in response to prolonged (7 days) and chronic (80 days) monocular deprivation (VEP amplitude contralateral eye/ipsilateral eye average ± SEM: adult WT no MD 2.04 ± 0.20, n = 5; 7 days MD 1.14 ± 0.13, n = 5; cMD 0.99 ± 0.17, n = 3), which was unaffected by diazepam in adulthood (cMD + DZ 0.98 ± 0.09, n = 4). Thus, in the absence of NARP, the visual system is unable to respond to monocular deprivation, despite functional inhibitory output. ANOVA, F 1,1 = 0.002, p = 0.968; Figure 8B ). In contrast, low-frequency visual stimulation (1 Hz reversals of 0.04 cycles/degree, 100% contrast vertical gratings) induced a slowly emerging increase in VEP amplitude in wild-type mice (VEP amplitude post-/prestimulation: 12 hr 0.98 ± 0.14; 15 hr 1.32 ± 0.12; 18 hr 1.45 ± 0.08; n = 5), that was inhibited by diazepam (12 hr 0.91 ± 0.01; 15 hr 0.91 ± 0.04; 18 hr 1.13 ± 0.01; n = 5, twoway ANOVA with repeated-measures, F 1,8 = 18.288, p = 0.003; *p < 0.01 versus wild-type control; Figure 8C ). As previously reported, the enhancement of VEP amplitude was selective for the orientation of the visual stimulus, as no increase in VEP amplitude was observed in response to a rotated grating (12 hr 0.88 ± 0.12; 15 hr 0.99 ± 0.04; 18 hr 0.94 ± 0.06, n = 5; Figure 8D ; Cooke and Bear, 2010) . However, the slow, stimulus-selective response plasticity was absent in NARP À/À mice (12 hr 0.82 ± 0.12; 15 hr 0.93 ± 0.11; 18 hr 1.01 ± 0.06; n = 5; Figure 8E ), but could be enabled by diazepam (12 hr 1.14 ± 0.06; 15 hr 1.53 ± 0.12; 18 hr 1.55 ± 0.13; n = 5, two-way ANOVA with repeated-measures, F 1,8 = 12.247, p = 0.008; *p < 0.01 versus NARP À/À control; Figure 8E ). The response enhancement evoked in the presence of diazepam was selective for the orientation of the familiar visual stimulus (12 hr 0.68 ± 0.06; 15 hr 0.79 ± 0.05; 18 hr 0.99 ± 0.02; n = 5; Figure 8F ). Thus, the absence of NARP eliminates the expression of several essential forms of experience-dependent synaptic plasticity, whereas other aspects of circuit function and plasticity remain unchanged. of inhibition and allows the expression of ocular dominance plasticity. We propose that NARP-dependent recruitment of inhibition from FS (PV) INs is necessary to ensure the precision of pyramidal cell activity necessary to engage these forms of synaptic plasticity (Jiang et al., 2007; Toyoizumi and Miller, 2009; Kuhlman et al., 2010) . The NARP-dependent enhancement of excitatory drive onto FS (PV) INs is therefore an important locus for the regulation of the critical period for ocular dominance plasticity.
Differential Response of NARP
DISCUSSION
Role of NARP in Initiation of the Critical Period NARP is selectively enriched at excitatory synapses onto FS (PV) INs (Chang et al., 2010) , the fast-spiking basket cells that mediate rapid feed-forward and feed-back inhibition onto neuronal somata (Kawaguchi and Kubota, 1997; Ascoli et al., 2008) . Perisomatic inhibition from FS (PV) INs is, therefore, ideally located to exert powerful temporal and spatial control of the spiking output of principle neurons (Pouille and Scanziani, 2001; Goldberg et al., 2008; Kuhlman et al., 2010) . Indeed, it has been proposed that a suprathreshold level of perisomatic inhibition is necessary to promote the synaptic plasticity between principle neurons that initiates the critical period for ocular dominance plasticity (Huang et al., 1999; Di Cristo et al., 2007) . Alternatively, plasticity at synapses that mediate feedback inhibition onto principle neurons in the visual cortex has been proposed to mediate the shift in ocular dominance induced by monocular deprivation . Changes in interneuron excitability and ocularity have been reported in response to monocular deprivation (Yazaki-Sugiyama et al., 2009; Gandhi et al., 2008; Kameyama et al., 2010) . Our work suggests that a critical step in the initiation of the critical period is the recruitment of inhibition through NARP-dependent enhancement of excitatory drive onto FS (PV) INs. The deficit in the ability to recruit inhibition prevents the induction of ocular dominance plasticity in NARP À/À mice, despite the presence of normal perisomatic inhibition. Importantly, sensory experience has been shown to strengthen excitation from thalamic afferents onto feed-forward inhibitory interneurons in layer IV of rodent barrel cortex (Chittajallu and Isaac, 2010) , and in the visual cortex, these inputs are remodeled by monocular deprivation (Kuhlman et al., 2011) .
Absence of Critical Period Plasticity in NARP -/-Mice Monocular deprivation prior to the initiation of the critical period ($P18 in rodents) is ineffective, demonstrating that a developmental change in visual cortical circuitry is necessary to initiate ocular dominance plasticity. In the absence of NARP, the visual system is retained in a hyperexcitable state that is reminiscent of this precritical period. The method that we used to assess ocular dominance plasticity, examination of the contralateral bias of VEPs evoked by simple visual stimuli, may have lower threshold for the detection of changes induced by MD than other methods, such as change in visual acuity (Prusky and Douglas, 2003; Heimel et al., 2007) . In addition, our VEP recordings were performed in superficial layers of the visual cortex, where ocular dominance plasticity is expressed long into postnatal development in wildtypes (Fischer et al., 2007; Heimel et al., 2007; Lehmann and Lö wel, 2008; Sato and Stryker, 2008) . Despite this, we saw no evidence for a shift in ocular dominance in NARP À/À mice, including in response to monocular deprivation of unusually long duration (>10 weeks). This suggests that the visual system cannot compensate for the absence of NARP and is unable to recruit the inhibition necessary to enable ocular dominance plasticity. Of course we cannot rule out the possibility that monocular deprivation in NARP À/À mice induces changes in the strength of synapses outside the recording radius of our electrode.
Visual Function and Precritical Period Plasticity Are Normal in NARP -/-Mice
Previous work has identified an important role for neuronal pentraxins in the refinement of retinogeniculate synapses in the dorsal lateral geniculate nucleus (dLGN) (Bjartmar et al., 2006) . The ipsilateral eye input to the dLGN of NARP À/À (aka NP2), was slightly expanded at P10 compared to age matched WTs, but this expansion was mild compared to NP1/2 double knockout mice. Despite the initial deficit in the refinement of retinogeniculate synapses, the binocular inputs to the dLGN of P30 NP1/2 knockout mice become more segregated by P30. In our experiments, the single deletion of NARP (NP2) did not disrupt the macroorganziation of V1. Indeed, the anatomical boundaries between V1b, V1m, and LM were similar in wild-type and NARP À/À mice, and no differences were observed in retinotopy within V1b or the distribution of ocular preference along the mediolateral aspect of the primary visual cortex. Although other aspects of visual system organization not tested here may be disrupted in NARP À/À mice, our results clearly demonstrate that many aspects of visual cortex organization are unimpaired despite the deficit in the recruitment of inhibition. In addition, many aspects of visual function that mature before or during the critical period, including contralateral bias, spatial acuity, and contrast sensitivity, were normal in NARP À/À mice (Huang et al., 1999; Prusky and Douglas, 2004; Heimel et al., 2007) . The absence of a change in visual acuity was not unexpected, as the parallel increase in evoked and spontaneous single unit activity in NARP À/À visual cortex mice predicts that visual detection thresholds would remain unchanged. Similarly, other transgenic manipulations that induce hyperexcitability in the visual cortex (i.e., GAD 65 À/À ) (Hensch et al., 1998) have normal retinotopy and orientation selectivity, whereas manipulations that decrease inhibition in the visual cortex (i.e., dark exposure, environmental enrichment) are not accompanied by a loss of spatial acuity (He et al., 2007; Sale et al., 2007) . Interestingly, not all forms of experience-dependent synaptic plasticity are absent in NARP À/À mice. NARP À/À mice retain the ability to express experience-dependent enhancement of the VEP contralateral bias, which is dependent on early binocular visual experience and reflects the complement of thalamocortical projections serving each eye (McCurry et al., 2010; Coleman et al., 2009 ). In addition, NARP À/À mice retain the ability to express experience-dependent enhancement of VEP amplitudes in response to high-frequency (10 Hz) visual stimulation. Normal long-term potentiation (in response to 100 Hz stimulation) and long-term depression (in response to 3 Hz stimulation) of the hippocampal Schaffer collateral pathway also persists in hippocampus of double (NP1 and NP2) knockout mice (Bjartmar et al., 2006) . This suggests that these forms of synaptic plasticity do not require gating by fast inhibition or can be engaged by a lower level of inhibitory output. Brief monocular deprivation during the critical period induces a rapid depression of synapses serving the deprived eye and a slow strengthening of synapses serving the nondeprived eye (Sawtell et al., 2003; Frenkel and Bear, 2004; Tagawa et al., 2005; Sato and Stryker, 2008) . Importantly, despite the persistence of some forms of experience-dependent synaptic potentiation, we did not observe a strengthening of nondeprived eye synapses, even following unusually long durations of monocular deprivation. The potentiation of the inputs serving the nondeprived eye may be constrained in NARP À/À mice by the absence of deprived eye depression, which has been proposed to be required to first lower the threshold for strengthening of synapses serving the nondeprived eye (Smith et al., 2009) .
Unique Phenotype of NARP -/-Mouse
There are important differences in the phenotype of the NARP À/À mouse from other transgenic models with deficits in ocular dominance plasticity. Transgenic manipulations that impair synaptic plasticity at excitatory synapses onto pyramidal neurons, such as deletion of the activity-regulated cytoskeletal protein arc, block the expression of ocular dominance plasticity along with a wide range of other forms of homeostatic and Hebbian plasticity (McCurry et al., 2010) . On the other hand, transgenic manipulations that result in hyperexcitability of the visual cortex, such as deletion of the synaptic isoform of the GABA synthetic enzyme GAD65, impair both GABAergic synaptic transmission and the response to brief monocular deprivation (Hensch et al., 1998) . Nonetheless, slightly longer durations of monocular deprivation can reliably induce ocular dominance shift in the visual system of GAD 65 À/À mice (Fagiolini and Hensch, 2000) . Ocular dominance plasticity is absent in NARP À/À mice, even in response to prolonged duration of monocular deprivation, suggesting that the visual cortex is unable to compensate for the absence of NARP. Nonetheless, several forms of experience-dependent synaptic plasticity, such as plasticity of the VEP contralateral bias and the response to high-frequency visual stimulation, are retained. The unique phenotype of the NARP À/À mouse underscores the importance of the recruitment of fast inhibition, via regulation of excitatory drive onto FS (PV) INs, in the induction of fundamental forms of experience-dependent synaptic plasticity in the mammalian visual cortex.
EXPERIMENTAL PROCEDURES
Wild-type and NARP À/À mice (Bjartmar et al., 2006) were of C57BL/6, 129/ SVJII mixed genetic background. All subjects were raised on a 12 hr light/ dark cycle, with food and water available ad libitum. All procedures conform to the guidelines of the U.S. Department of Health and Human Services and the Institutional Animal Care and Use Committees of the University of Maryland and Johns Hopkins University. Monocular deprivation was performed under ketamine/xylazine anesthesia (50 mg/10 mg/kg, i.p.). The margins of the upper and lower lids of one eye were trimmed and sutured together. The animals were returned to their home cages and disqualified in the event of suture opening or infection. Visual cortical slices (300 mm) were prepared as described in ice-cold dissection buffer containing 212.7 mM sucrose, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 10 mM MgCl 2 , 0.5 mM CaCl 2 , 26 mM NaHCO 3 , 10 mM dextrose, bubbled with 95% O 2 /5% CO 2 (pH 7.4). Slices were transferred to normal artificial cerebrospinal fluid (ACSF) for at least 1 hr prior to recording. Normal ACSF was similar to the dissection buffer except that sucrose was replaced by 124 mM NaCl, MgCl 2 was lowered to 1 mM, and CaCl 2 was raised to 2 mM.
Visualized dual whole-cell voltage-clamp recordings were made from pairs of FS (PV) INs and pyramidal neurons with glass pipettes filled with 130 mM K-gluconate, 0.2 mM CaCl 2 , 8 mM NaCl, 2 mM EGTA, 0.5 mM NaGTP, 4 mM MgATP, and 10 mM HEPES (pH 7.2). Only cells with membrane potentials <À65 mV, series resistance <20 MW, input resistance >100 MW (with <15% variation over the experiment) were studied. Data were filtered at 5 kHz and digitized at 10 kHz using Igor Pro (Wave Metrics). uEPSCs were recorded in voltage clamp in the FS (PV) INs at À70 mV and evoked by suprathreshold somatic current injection (2 ms) in presynaptic pyramidal neurons. uIPSCs were recorded in voltage clamp in pyramidal neurons at 0 mV and evoked by suprathreshold somatic current injection (2 ms) in presynaptic FS (PV) INs (Jiang et al., 2010 Mean variance analysis was performed on responses evoked by 15 stimulus trains (5 or 10 stimuli at 50 Hz) delivered at 20 s intervals. The uEPSC amplitude was measured for each stimulus, and the mean (I) and variance (Var) were plotted against each other. Synaptic parameters including number of release sites (N) and quantal size (q) were obtained by fitting the data to the parabola: Var = qI À I 2 /N as previously described (Scheuss and Neher, 2001 ). We considered only those cases in which the R 2 value of the fit was >0.5.
In vivo electrophysiology was performed under isoflurane anesthesia ($1.5% in 100% O 2 via modified nose cone). The dura covering binocular visual cortex was exposed through a hole ($3 mm diameter) in the skull. The exposed brain was kept moist with artificial cerebral spinal fluid (ACSF), and the room humidity was supplemented (ZD300Y0, Zenith). Subjects were retained in a stereotaxic device in a darkened room (without visual stimulation) between measurements. Body temperature was maintained at 37 C via circulating water heating pad (T/PUMP; Gaymar Industries), monitored with a rectal probe (BAT-12; Sensortek). A broad-band signal was collected from the lateral aspect (binocular region) of the primary visual cortex (site of largest ipsilateral eye VEP, typically 3.3 mm lateral to the intersection of lambda and the midline), with a tungsten microelectrode (0.5 MU) relative to a ground screw in the frontal bone ( Figure S3 ). Laminar placement of the electrode was confirmed by time to VEP peak and the shape of the VEP waveform: layer II/III, $250 mm below the pia + primary positive peak, time-to-peak $130 ms (average ± SEM 131.76 ± 5.88 ms, n = 7); layer IV, $450 mm below the pia + primary negative peak, time-to-peak $105 ms (107.38 ± 3.17 ms, n = 6). A 50 Hz low pass filter was used to isolate VEPs in response to 1 Hz reversals of full screen 100% contrast gratings (0.04 cycles/degree and 40 cd/m 2 luminosity) presented on a computer monitor 25 cm from eyes. To estimate spatial acuity, the VEP amplitude was plotted against the spatial frequency of the visual stimulus (0.04-0.6 cycles/degree), and the linear regression was extrapolated to zero VEP amplitude. To estimate contrast sensitivity, the VEP amplitude was plotted against the contrast of the visual stimulus (20%-100%). VEPs were averaged in synchrony with the visual stimulus using OpenEX software (TDT). A 700-7 kHz band-pass filter was used to isolate multiunit activity, which was sorted into single units based on waveform shape and principal component analysis (OpenEx software; TDT). Spontaneous firing rates were measured over 100 s in response to blank screen. Evoked spiking rates were measured in response to visual stimulus in preferred orientation (from nine orientations ranging from 0 (vertical) to 180 ). Duration of evoked single unit activity was determined by comparison with 50 ms prestimulus baseline. Orientation selectivity index = (response evoked by preferred -orthogonal orientation)/(preferred + orthogonal orientation). Orientation tuning was determined by plotting spiking activity against stimulus orientation from À90 to 90 from preferred orientation. Single unit activity was assigned to cortical lamina based on shape of VEP waveform. Plasticity of VEP amplitude induced by repetitive visual stimulation was assessed under continuous isoflurane anesthesia ($1.5% in 100% O 2 ). Sixty minutes after recording baseline VEPs (evoked by 100 reversals of 0.04 cycles/degree; 100% contrast vertical and horizontal gratings; reversing at 1 Hz), high-frequency visual stimulation (5-10 Hz reversals of same gratings; 1,000 reversals) was delivered at a single orientation (vertical) . Sixty minutes after delivery of high-frequency visual stimulation, VEPs were acquired with baseline stimulation (1 Hz) in response to vertical and horizontal gratings. Low-frequency visual stimulation (1 Hz reversals of same gratings; 1,000 reversals) was delivered at a single orientation (vertical). Twelve hours, 15 hr, and 18 hr after delivery of low-frequency visual stimulation, VEPs were acquired with baseline stimulation (1 Hz) in response to vertical and horizontal gratings.
Diazepam (Sigma) was dissolved in 10% Tween 80, 20% DMSO, and 70% saline to a final concentration of 2 mg/ml. Neuronal spiking rates in diazepam are reported 45 min after administration.
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